Optical coherence tomography (OCT) is increasingly used to obtain objective measurements of the retinal nerve fiber layer (RNFL), optic nerve head, and macula for assessing glaucoma progression. Although OCT has been adopted widely in clinical practice, uncertainty remains concerning its optimal role. Questions include: What is the best structure to measure? What quantity of change is significant? Are structural changes relevant to the patient? How are longitudinal measurements affected by aging? How can changes resulting from aging be differentiated from true progression? How best should OCT be used alongside visual fields, and how often should OCT be performed? Recent studies have addressed some of these questions. Important developments include appreciation of the need to use a consistent point of reference for structural measurements, leading to the introduction of Bruch's membrane opening (BMO)ebased measurements, including BMOeminimum rim width and BMOeminimum rim area. Commercially available OCT devices also permit analysis of macular changes over time, for example, changes in the ganglion cell and inner plexiform layers, the sites of the retinal ganglion cell bodies and dendrites, respectively. Several longitudinal studies have compared rates of change in RNFL and macular measurements, with some suggesting that the relative value of each parameter may differ at different stages of disease. In early disease, looking for change over time also may be useful for glaucoma diagnosis, with advantages over classifying eyes using cross-sectional normative databases. Optimal glaucoma management requires information from imaging and visual fields, and efforts have been made to combine information, reducing the noise inherent in both tests to benefit from their different performances according to the stage of disease. Combining information from different structural measurements may also be useful. There is now substantial evidence that progressive structural changes are of direct clinical relevance, with progressive changes on OCT often preceding functional loss and patients with faster change on OCT at increased risk of worsening visual losses. Identification of such patients offers the possibility of commencing or escalating treatment at an earlier stage. This review appraises recent developments in the use of OCT for assessing glaucoma progression. Ophthalmology 2017;124:S57-S65 ª 2017 by the American Academy of Ophthalmology Detecting and assessing rates of progression are indispensable constituents of glaucoma management as they provide a means to identify rapidly progressing patients who are at high risk of visual disability and who may require escalation in treatment. Progression is measured conventionally by monitoring for changes in visual field sensitivity; however, many patients have changes to the optic disc or retinal nerve fiber layer (RNFL) in the absence of deterioration on automated perimetry, providing an opportunity to commence or increase treatment before significant decline in vision. 1, 2 Detecting structural change over time is also useful for diagnosing glaucoma, with advantages over classifying an eye as normal, abnormal, or borderline by comparing a single scan with a normative database. Normative databases have strict inclusion criteria, consist largely of patients of European ancestry, and exclude those with high refractive error or ocular comorbidities. Normal structural measurements vary widely between individuals, increasing the chances of misclassification. In some cases, because of the wide range of normal, significant neural losses may occur before a patient is deemed to be outside normal limits.
Establishing baseline structural measurements and observing for change over time has great value as an aid to diagnosis, particularly in glaucoma suspects.
Detection of glaucomatous structural changes traditionally has relied on assessment of optic disc photographs; however, agreement among glaucoma specialists in judging change on disc photographs is only slight to fair, and photographs do not allow quantification of rates of change. 3 Optical coherence tomography (OCT) overcomes some of the limitations of optic disc photography and can be used to provide objective measurements of the RNFL, optic nerve head (ONH), and macula, useful for glaucoma diagnosis and progression analysis. Although OCT has been adopted widely in glaucoma clinics, uncertainty remains concerning how best to use OCT to detect glaucoma progression. Pertinent, and only partially answered, questions include: What is the best structure to measure? What quantity of change is significant? Are structural changes relevant to the patient? How are longitudinal measurements affected by aging, and how can changes resulting from aging be differentiated from true progression? What are the best ways to use OCT alongside visual fields and how often should OCT be performed?
What Is the Best Structure to Measure?
The ideal parameter for measuring glaucoma progression should be highly reproducible and useful at all stages of disease. OCT measurements of rates of change in glaucoma have focused largely on circumpapillary RNFL (cpRNFL) thickness, which is also the most widely used parameter in clinical practice. However, recent studies have indicated that additional information can be gleaned from examining changes in RNFL in other regions, for example, by examining the topography of RNFL loss across a 6Â6-mm 2 optic disc cube scan RNFL map. 4 OCT devices now also provide the ability to quantify changes to the glaucomatous macula using measurements such as ganglion cell inner plexiform layer and ganglion cell complex thickness, which includes the ganglion cell layer, inner plexiform layer, and RNFLdthe sites of retinal ganglion cell bodies, dendrites, and axons, respectively. Macular measures are of special interest because of the density of retinal ganglion cells located in this region and the realization that, contrary to conventional teaching, the macula often is involved early in the glaucomatous process. 5, 6 Some OCT devices now also include the ability to obtain novel ONH metrics such as Bruch's membrane opening (BMO)eminimum rim width (MRW) and BMOeminimum rim area, 7e9 which use BMO as an anatomic point of reference for measurements and are discussed in more detail below.
The first report of OCT to examine glaucoma progression used a prototype time-domain OCT device to measure changes in RNFL thickness over time. 10 The device was limited by poor reproducibility, which may have resulted in false-positive assumptions of progression; however, the study demonstrated the potential of OCT for detecting longitudinal change. Using a commercially available timedomain OCT device (Stratus OCT; Carl Zeiss Meditec, Inc, Dublin, CA), Medeiros et al 11 compared the ability of cpRNFL, ONH, and macular measurements to differentiate eyes progressing on standard automated perimetry (SAP) and optic disc stereophotographs from those that remained stable using conventional tests. Circumpapillary RNFL performed significantly better than ONH and macular parameters at discriminating progressing and stable eyes, with faster rates of cpRNFL thinning observed in progressing eyes (e0.72 mm/year vs. 0.14 mm/year; P ¼ 0.004).
Time-domain OCT now has been superseded by spectral-domain (SD) OCT, which has an improved scan speed and a higher resolution, and incorporates innovations such as real-time eye tracking to compensate for eye movements during data acquisition and to reduce motion artifacts. Time-domain OCT was limited by its inability to register images on follow-up scans, meaning measurements from disparate retinal locations could be included in analyses of change over time. In contrast, SD OCT devices can center follow-up scans automatically on previously scanned locations by identifying retinal landmarks, which results in improved reproducibility and better ability to detect progression compared with timedomain OCT. 12, 13 Several studies have used SD OCT to evaluate the role of cpRNFL and macular measurements for assessing glaucoma progression (Table 1) . 14e23 However, it is difficult to determine whether one parameter is better than another because of the lack of a gold standard, and although all glaucomatous changes reflect loss of retinal ganglion cells, there is still poor understanding of the temporal relationship between changes to the ONH, RNFL, and macula. Studies either have compared rates of structural change occurring in glaucomatous eyes with rates in healthy participants 17,18,20,22e25 or have examined the association between rates of change on OCT and contemporaneous or future changes on conventional structural or functional assessments. 14,16,19,26e28 Overall, both cpRNFL and macular measures show faster rates of loss in glaucomatous eyes compared with controls; however, there is wide variation in reported rates of change. This is to be expected, however, because trend-based analyses of visual field sensitivities also have demonstrated disparate slopes among different individuals. 29 It is also inappropriate to compare rates of change directly between studies and between parameters because of different baseline thicknesses and dynamic ranges. One approach that helps overcome this problem is to examine rates of change with values normalized for dynamic range. Using this approach to study 97 glaucomatous eyes followed up for an average of 3.2 years, Hammel et al 23 found normalized cpRNFL thickness to decrease by 1.7% per year compared with only a 1.3% per year decrease in macular ganglion cell inner plexiform layer (mGCIPL) thickness. This 1.3-fold faster rate of cpRNFL loss suggests that cpRNFL may be a more sensitive index of progression; however, among eyes with advanced glaucoma, where no further change in cpRNFL was observed, there was significant downward slope in mGCIPL thickness. Therefore, the relative value of cpRNFL and mGCIPL measurements may vary at different stages of disease, with macular measurements possibly of value for monitoring eyes with advanced glaucoma, beyond the floor observed in cpRNFL measurements. 30 These findings also were supported by Sung et al, 16 who found eyes with advanced glaucoma with visual field progression had significantly faster rates of macular thickness loss compared with nonprogressing eyes, whereas there was no significant difference in rate of cpRNFL change between groups. However, it is important to exercise caution in interpreting the results of these studies because the rate of change is not the only variable of importance in determining which parameter could be of most value for detecting progression. For example, a faster rate of change in cpRNFL compared with mGCIPL may be offset by differences in reproducibility of cpRNFL and mGCIPL measurements.
With an increasing number of OCT parameters available to monitor glaucoma progression, there may be confusion as to which parameter to use. To date, evidence suggests that measures of the RNFL, ONH, and macula are complimentary and that using multiple parameters will increase sensitivity for detecting change. However, the use of multiple parameters may increase the number of eyes falsely labelled as progressing. The availability of multiple structural parameters therefore presents an opportunity and a challenge, which may be addressed best by combining results into a single metric. For example, Mwanza et al 31 found that an index that combined information from macula and ONH OCT scans was better able to differentiate healthy eyes from those with early glaucoma compared with individual measures.
What Quantity of Change Is Significant?
It is important to quantify the reproducibility of measurements because timely detection of progression depends on the ability to differentiate true change from the noise of testeretest variability. Several studies have shown SD OCT cpRNFL measurements have excellent short-term reproducibility. Using Cirrus OCT (Zeiss Meditec, Dublin, CA), Mwanza et al 34 reported average cpRNFL thickness to have an intervisit intraclass correlation coefficient of 97.2%. Macular measurements also had excellent reproducibility, with mGCIPL thickness using Cirrus OCT achieving an intervisit intraclass correlation coefficient of 98.0%, with a testeretest standard deviation of only 1.16 mm. 35 It was suggested that a short-term change in average cpRNFL thickness of 4 mm may be considered as suspicious of glaucoma progression, which was similar to the change of 5 mm suggested by Leung et al. 32 However, it is important to exercise some caution when interpreting such cutoffs; confidence in detecting true change can be increased by having 2 or more baseline measurements and confirming the change on subsequent scans. Because of the lower reproducibility of sectorial compared with average cpRNFL thickness, relatively greater change would be needed in sectors for similar confidence of true change (approximately 7 mm for temporal, superior, and inferior quadrants and 8 mm for the nasal quadrant). 34 Considering that the current dynamic OCT RNFL thickness measurements range from a maximum of approximately 80 to 100 mm in healthy participants to a floor of approximately 50 mm, an intervisit variability of 5 mm represents more than 10% of the dynamic range, which could reduce the value of OCT for detecting change considerably if relying on such guidelines. It is also important to acknowledge that most studies examining reproducibility excluded poor-quality scans and analyzed short-term, rather than long-term, reproducibility, which may increase variability further. Nevertheless, a study examining 6-month reproducibility in stable glaucoma patients still reported good reproducibility with intraclass correlation coefficients for average cpRNFL and mGCIPL thickness of 0.97 and 0.99, respectively, with reproducibility not influenced by glaucoma severity. 36 A tolerance limit of a 4-mm change in mGCIPL thickness was suggested as a likely indictor of progression. Also, OCT cpRNFL measurements have been shown to have lower longitudinal signal-to-noise ratios than standard automated perimetry, which is an important factor in identifying true change. 37 OCT technology also is evolving rapidly, and there are likely to be future improvements in measurement reproducibility, and possibly enhanced dynamic range, which may improve the ability to detect change. For example, decentration of the cpRNFL scan is a common artefact, reported in more than 1 in 4 SD OCT scans.
38e40 Decentration of the circle scan by just 0.1 mm can result in a 2.3AE2.0-mm error in average RNFL thickness, with sectorial measures even more vulnerable to displacement error because the RNFL is thinner farther from the ONH. 39 Previously, cpRNFL circle scans were centered manually on the optic disc; however, subjective location of the disc margin has been found to correspond poorly to a defined structure on OCT. 6 In contrast, an alternative landmark, the BMO, can be identified automatically on radial OCT scans of the ONH, the orientation of the scan can be adjusted according to the BMOefovea axis to account for difference in cyclotorsion, and the cpRNFL scan can be centered on the BMO (RNFLeBMO). A recent study has shown that although overall RNFLeBMO measurements have similar ability to detect glaucoma compared with traditional RNFL measurements, RNFLeBMO performed better in eyes with larger width externally oblique border tissue, a feature of tilted optic discs. 41 However, there is a lack of studies examining the long-term reproducibly of RNFLeBMO and its ability to detect progression.
Other parameters also can be measured relative to the BMO, for example, the BMOeMRW (the minimum distance from BMO to the internal limiting membrane) and BMOeminimum rim area, which overcomes the inverse relationship between disc size and BMOeMRW. 9, 42 It has been shown that the BMOeMRW can be used to differentiate glaucomatous and healthy eyes accurately, in one study performing better than cpRNFL thickness. 7, 8 One might suppose that measurements taken relative to BMO would perform better than conventional structural measures at detecting glaucoma progression, given the relative stability of the BMO as a point of reference for repeat scans. However, a recent study by Gardiner et al 21 has suggested that BMOeMRW and BMOeminimum rim area may be less able to detect change because of a relatively low longitudinal signal-to-noise ratio compared with cpRNFL. This observation may have been the result of changes in the location of the BMO over time, possibly related to fluctuations in IOP or because of connective tissue remodeling with glaucoma progression. Recently, based on a cross-sectional analysis, Johnstone et al 43 reported that the BMO is located more posteriorly in older compared with younger individuals, suggesting that it may migrate posteriorly with age and be a less stable landmark than hoped. However, in contrast, a longitudinal study following up 95 eyes for a period of 3 to 4 years found the location of the BMO to be stable over time. 44 Longer-duration studies are needed to determine whether the BMO can be used as a long-term stable reference from which to measure glaucomatous changes and to evaluate the potential benefits of orientating scans using the foveaeBMO axis.
Are Structural Changes Relevant to the Patient?
Regardless of which parameter may be best, there is now a large body of evidence that progressive changes on OCT are clinically relevant. Several studies have shown good agreement between progressive cpRNFL loss on OCT and changes on optic disc photographs. 11, 26 For example, Wessel et al 26 found eyes with progressive changes on optic disc photographs had significantly faster rates of cpRNFL loss than glaucomatous eyes not progressing on photographs, with others reporting a similar faster rate of change in macular measurements. 19 Faster rates of cpRNFL loss on OCT also are associated with higher risk of future development of visual field defects. In a study of 554 eyes suspected of having glaucoma at baseline but with normal visual fields, Miki et al 28 found that faster rates of cpRNFL loss were associated strongly with subsequent development of a visual field defect. Each 1-mm/year faster rate of cpRNFL loss corresponded to a 2.05-times higher risk of a visual field defect developing. Yu et al 27 found similar results in eyes with established glaucoma, with progressive RNFL thinning on trend-based progression analysis strongly predictive of visual field loss. Displacement of the lamina cribrosa relative to the BMO also may be a useful marker of progression, with a report of a higher risk of visual field progression in eyes with faster increasing posterior displacement of the anterior lamina cribrosa and ONH surface. 45 Faster rates of cpRNFL loss also are associated with faster decline in quality of life and worse performance on driving simulation, with information from OCT offering additional predictive value compared with information from visual field testing alone. 46, 47 OCT progression analysis therefore offers the possibility of detecting patients at high risk of worsening visual function and of providing an objective means of quantifying glaucomatous neural losses directly related to quality of life.
How Are Measurements Affected by Aging?
Glaucoma progression must be differentiated from normal age-related changes to cpRNFL and the macula. 17, 25, 48, 49 Leung et al 25 17 In a subsequent study that followed up 90 patients (150 eyes) for an average of 46 months, 50% of glaucomatous eyes showed progressive mGCIPL loss; however, when the lower 95% CI for age-related changes was applied, the proportion progressing decreased to only 15%. In the future, it may be helpful to have longitudinal reference databases of healthy participants to help determine whether an observed rate of change is pathologic or an expected change for age.
It is important to note that high rates of false-positive detection of progression may occur when progression is considered to have occurred merely if a statistically significant negative slope of change is present (i.e., a slope that is statistically significantly different from 0 with P < 0.05). For instance, with 5 years of annual testing, up to 25% of normal eyes can be identified falsely as having progressed if such criteria is used for RNFL thickness change. 50 A suggestion has been made that trend-based analysis of RNFL thickness change should involve at least testing the statistical significance of its change relative to the mean estimate of age-related changes. 50 This would be analogous to evaluating visual field progression using mean deviation instead of mean sensitivity (with the former being an age-adjusted parameter), and could be described as an RNFL mean deviation trend analysis.
What Are the Best Ways to Use OCT alongside Visual Fields?
Although OCT has a valuable role in assessing glaucoma progression, visual field testing remains the primary method of assessing glaucomatous damage, and some patients demonstrate visual field changes before detectable structural changes. The ability to detect progression by perimetry versus OCT is influenced significantly by the stage of disease, with eyes with less severe disease at baseline having a higher chance of being detected as progressing by OCT, but not SAP, and eyes with more advanced disease having a higher chance of being detected as progressing by SAP, but not OCT. 2 This phenomenon is partly the result of the different measurement scales of the devices, with SAP using a logarithmic scale that compresses results in early disease, reducing the ability to detect change; however, differences in dynamic range also contribute. 51 The result is that simultaneous detection of change in structural and functional measurements is rare, 13, 52 and therefore it is the consensus that both structural and functional tests should be monitored with equal diligence for optimal assessment of glaucoma progression.
This raises the question of the best ways to use OCT to complement assessment of visual function. One approach is to use a Bayesian probability theorem to allow information derived from OCT to influence inferences obtained from automated perimetry, and recent studies using this approach have shown that progression slopes obtained from integrated measurements are better able to predict future visual field status than isolated information from either structural or functional domains. 53, 54 In another approach, OCT and perimetry data were combined into a single index after transforming the measurements to a common scale reflecting neural losses. The combined structureefunction index has been shown to be able to improve detection, staging, prediction, and assessment of progression compared with isolated measures from structure and function.
55e57 Future research should concentrate on developing these approaches further to determine the most clinically effective and cost-effective frequency of testing and combination of tests for detecting change at various stages of disease. Not only would these approaches potentially improve our ability to detect change, combining information from structural and functional tests or from different structural measurements, but they also provide an opportunity to simplify and simultaneously present results from an increasing range of tests.
In conclusion, since the introduction of OCT more than 25 years ago, our ability to detect and quantify glaucomatous structural changes has been greatly enhanced. OCT provides a means to obtain reproducible measures of the RNFL, ONH, and macula, each of which are of value in quantifying glaucoma progression. Although visual function is what matters most to patients, progressive structural changes can precede functional loss, and patients with faster changes on OCT are at increased risk of worsening visual losses, offering the possibility of escalating treatment at an earlier stage to preserve vision better. The ability to assess glaucoma progression is likely to be improved further by novel approaches to incorporate information from OCT and visual fields, reducing the noise inherent in both tests, and the next few years are likely to see such strategies included on commercial devices. However, there are important questions that still need to be addressed, particularly regarding testing strategies, to ensure the most effective use of OCT in clinical practice.
